The geometry as well as bone mineral density (BMD) of the proximal femur contributes to fracture risk. How and the extent to which they change due to natural aging is not fully understood.
Introduction
The incidence of vertebral fracture increases linearly with aging and correlates closely with a decline in spinal bone mineral density (BMD). The incidence of hip fracture, on the other hand, increases exponentially with advancing age, although hip BMD decreases linearly, suggesting that age-related factors other than BMD contribute substantially to the fragility of the proximal femur.
Declining BMD and geometry of the proximal femur, as well as an increase in the incidence of fall are believed to underlie the increased risk of hip fracture in the elderly [1] [2] [3] . Non-invasive techniques can provide bone structural information, beyond simple bone densitometry, to help assess fracture risk.
The aging skeleton is characterized by a deterioration of the trabecular microstructure, increased endocortical bone resorption, decreased cortical bone density or increased cortical porosity, and increased periosteal bone formation 4) . In postmenopausal women, the rate of periosteal bone formation declines to a greater extent, while endosteal bone resorption is more elevated, compared with age-matched men. However, the natural course of these cortical changes with aging has not been well elucidated, and how faithfully non-invasive methods can detect these changes over time is also unknown.
Age-related changes in the cortical bone of the femoral neck as well as the shaft have been investigated by means of histology or computed tomography (CT) images. Although cross-sectional analyses of age-related changes in hip geometry have been reported using clinical CT [5] [6] or dual X-ray absortiometry (DXA) 7) , there have been no reports of age-related changes in geometry along with BMD in the femoral neck and shaft simultaneously, and which also followed the changes longitudinally in the same subjects.
Here we report the results of longitudinal as well as cross-sectional analyses of clinical CT on age-related changes in BMD, geometry and biomechanical properties of the proximal femur, neck and shaft separately, in the same cohort of healthy postmenopausal Japanese women. The information provided in this study may form the basis for future investigation into how osteoporosis intervention impacts the biomechanical properties along with the structure of the femoral neck and shaft.
Subjects and Methods

Subjects
The subjects were 59 postmenopausal women who had volunteered to have spinal BMD measurements taken annually by DXA 8) and agreed to participate in the current prospective CT study.
They were aged 54 to 84 (67.0±7.4) years of age and had no physical problems in daily life. Their BMD values in the lumbar spine and the proximal femur were above 70% of the Japanese young adult mean 9) . None of the participants had any prevalent radiological vertebral fracture based on the semi-quantitative method of Genant 10) , or any history of fragility fractures of hip, radius and humerus. They were enrolled in hip CT studies in Table 1 summarizes their demographic features.
The study was reviewed and approved by the appropriate Internal Review Boards at Nagasaki University Hospital. Written informed consent to participate was obtained from all subjects.
CT data acquisition
A multi-detector-row CT (MDCT) scanner (Aquilion16, Toshiba Medical Systems Corporation, Tokyo, Japan) at Nagasaki University .
The subjects were scanned in the supine position, with the reference phantom placed under them so as to cover a region from the top of the acetabulum to 5 cm below the bottom of the lesser trochanter in both hip joints. A bolus bag was placed between the subject and the CT calibration phantom. The CT scanner table height was set to the center of the greater trochanter.
Analysis of BMD and geometry data obtained by CT
The BMD and geometry data of the proximal femur were analyzed by a radiologist (M.I.), using commercial software (QCT PRO; Mindways, Austin, USA). The exact 3-D rotation of the femur and the threshold setting for defining the bone contours appeared to be the two most critical steps to ensure the accuracy and reproducibility of the automated procedure. The femoral neck axis was identified visually and automatically with the "Optimize FN Axis" algorithm. The CT values were converted to BMD scale using a solid reference phantom. QCT BIT processing was then performed with a fixed bone threshold for inner cortical separation, which was set to 350 mg/cc for all of the CT images.
The BMD and the areas (CSA) of total and cortical regions of the cross-sectional femoral neck, as well as cortical thickness and the cortical perimeter, were calculated using QCT PRO software.
Trabecular BMD and CSA were calculated on the basis of the total and cortical BMD and CSA. Cortical thickness was measured as the average of the whole cortex 11) . In the cross-sectional femoral shaft, the cortical BMD, CSA and perimeter were determined. As biomechanical parameters, the cross-sectional moment of inertia (CSMI), section modulus (SM) and buckling ratio (BR) were obtained for the femoral neck, and CSMI and SM for the femoral shaft. SM is a parameter calculated as the CSMI divided by the distance to the center of mass (CM) (d max ). BR was calculated as the d max divided by the average cortical thickness in this study. They are derived in a manner intended to be consistent with the DXA-based HSA method implemented by Tom Beck 12) .
The reproducibility (% coefficient of variation) of the analysis by the QCT PRO program was calculated using five repeated analyses with visual matching each time from seven healthy subject CT data sets from this study without visible artifact; coefficient of variation (%) as the root mean square standard deviation divided by the mean, for the total BMD was 1.49%, cortical BMD 2.63%, total mass 1.12%, total area 1.71%, cortical area 2.11%, cortical perimeter 2.11%, and cortical thickness 3.58% for FN. In the femoral shaft, the CV% was 0.52% for cortical BMD, 0.77% for cortical CSA, 1.10% for perimeter, 2.19% for CSMI and 1.00% for SM.
The high correlation (r=0.84 to 0.98; p<0.0001 in all) between the baseline and follow-up measurements (shown in Table 3) indicates the high reproducibility of the measurements using clinical CT and of the analysis performed by this application.
Statistical analysis
In the cross-sectional study, we calculated a linear regression as a function of age, and the correlation coefficients (r). In the longitudinal study, the follow-up data was compared with the baseline data using t-test, and also for each case, the average percent (%) changes of the follow-up data from the baseline were calculated, and the data obtained in the femoral neck and the femoral shaft were compared using t-test. These are expressed as average values (mean) and standard deviations (SD), assuming a two-sided level of significance of 5% (p<0.05). These analyses were performed using SPSS version 11.
Results
Correlation between age and BMD/geometry/biomechanical properties at the baseline Table 1 . As a first step to obtaining information on the natural course of structural changes with advancing age, we examined if there were any correlations between the ages of the subjects and BMD/geometry/biomechanical properties of the proximal femur at baseline.
As shown in Table 2 , at the femoral neck, the total BMD (-3. Regarding the biomechanical properties shown in Table 2 Table 2) .
Longitudinal changes at 2-year follow-up
Next, we re-examined all of the participants after 2 years to address whether the current CT-based HSA detected parameter changes over the 2-year interval. Table 3 summarizes the average values at baseline and the 2-year follow-up for the densitometric and geometrical measurements as well as the biomechanical properties. In each case, the correlations of the changes from the baseline were high, ranging from r=0.84 to 0.98 (all; p<0.0001).
Importantly, the current CT system detected significant decreases from baseline in total BMD (-0.900± 0.257 %/year; p<0.0005), cortical CSA (-0.800± 0.423 %/year; p<0.05) and cortical thickness (-1.120± 0.453 %/year; p<0.01) at the femoral neck, and also a decrease in the cortical BMD of the femoral shaft (-0.642± 0.188 %/year; p<0.005) ( Table 3 ). These changes in the longitudinal analysis were consistent with the results of the cross-sectional analysis presented above (Table 2) .
Our system did not detect any significant changes in the biomechanical properties of the femoral shaft (Table 3) . However, a worsening of all the biomechanical properties of the femoral neck the 2-year period was observed; CSMI (-1.38± 3.65 %/year; p<0.01) and SM (-1.37± 2.96 %/year; p<0.005) decreased, and BR increased from the baseline (1.48± 4.81 %/year; p<0.05) (Table 3) . Table 3 Table   3 ).
Discussion
It is widely recognized that aging has a substantial impact on the geometry of the proximal femur 4) , and data on age-related changes in the hip geometry not only provides crucial insight into the pathogenesis of hip fracture, but also should help form the basis for evaluating and understanding the efficacy of intervention.
Important questions that remain unanswered include the extent to which age-related geometry changes actually occur, skeletal sites and time scale of these changes, whether they can be detected by non-invasive techniques, and how long an interval is required to demonstrate the clinical efficacy of a certain intervention to prevent or reverse such changes. Practically, since most clinical trials are terminated within 3 years, it is critically important to know whether the effects of any intervention on age-related changes in geometry can be detected non-invasively within the time scale of 2-3 years.
There has been no report to our knowledge on the demonstration of age-related and/or skeletal site-specific changes in the 3D geometry of the proximal femur. The results of our cross-sectional analysis by CT are qualitatively similar to those obtained in a previous DXA-based HSA in a similar population of postmenopausal Japanese women 13) . However, the % changes with aging in the biomechanical parameters such as SM and BR are larger in the current CT-based analysis than in the previous DXA-based study.
In this respect, the 3D d max calculation may have contributed to the increased sensitivity to the age-related changes in SM and BR in the current study.
According to the previous DXA-based HSA studies that analyzed the effects of anti-osteoporosis drugs on the geometry [14] [15] [16] , distinct effects on the femoral neck and shaft were observed. In the current study using non-invasive CT scanning of the proximal femur, all of the biomechanical parameters, CSMI, SM and BR, worsened significantly with advancing age in the femoral neck, while those in the femoral shaft did not change.
The current study using a CT-based system demonstrated that cortical BMD was maintained at a higher level in the femoral shaft than in the femoral neck from the period of early post-menopause through advanced age, and that the decline in cortical BMD was much greater in the femoral shaft than the femoral neck (Table 3) .
It is counterintuitive that the femoral shaft would maintain a higher BMD throughout this period but nevertheless exhibit a larger bone loss than the femoral neck, since in comparison with the cortex of the femoral shaft 17) , the femoral neck is thought to suffer from high cortical porosity. This may reflect a partial volume effect in measuring cortical BMD and thickness by CT, and higher resolution CT or more detailed histological analysis of the cortical bone in femoral neck and shaft may be required to validate the current findings.
The current system did not detect any significant change in the cortical BMD of the femoral neck, but detected changes in cortical thinning at the same site ( Table 3 The findings that the bone perimeter and total CSA in the femoral neck did not change over a 2 year follow-up, while cortical CSA and thickness at the same site decreased significantly, imply that the current CT-based HSA was capable of detecting the progression of endocortical resorption, while the alteration in periosteal apposition rate, at least during this 2 year period, was too small to be detected.
Taken together with the results of the cross-sectional analysis at baseline that both the bone perimeter and total CSA in the femoral neck correlated positively with age, a longer follow-up period would allow a determination of whether the periosteal bone formation continues at a slow pace.
In conclusion, the data presented in this study on age-related alterations in the geometry and biomechanical properties at distinct sites of the proximal femur should provide a basis for an improved understanding the pathogenesis of fracture, and also serve as a foundation for the design of new anti-fracture remedies in postmenopausal women. Table 2 Correlations between age and BMD, geometry and biomechanical properties at the baseline 
